Abstract: Laser welding of thick plates in production environments is one of the main applications of high power lasers; however, the process has certain limitations. The small spot size of the focused beam produces welds with high depth-to-width aspect ratio but at times fails to provide sufficient reinforcement in certain applications because of poor gap bridging ability. The results of welding shipbuilding steel AH36 with thickness of 8 mm as a single-sided T-joint using a 10 kW fiber laser are presented and discussed in this research paper. Three optical setups with process fibers of 200 µm, 300 µm and 600 µm core diameters were used to study the possibilities and limitations set by the beam delivery system. The main parameters studied were beam inclination angle, beam offset from the joint plane and focal point position. Full penetration joints were produced and the geometry of the welds was examined. It was found that process fibers with smaller core diameter produce deeper penetration but suffer from sensitivity to beam positioning deviation. Larger fibers are less sensitive and produce wider welds but have, in turn, lower penetration at equivalent power levels.
Introduction
Laser welding with multi-kilowatt fiber lasers is fast becoming a highly advantageous joining technology in manufacturing industries such as shipbuilding, where it saves production time and cost compared to conventional arc based welding processes [1] . The growing acceptance and adoption of laser technology can be seen, for example, in sales statistics, which show an annual growth rate of over 10% for the last few years [2, 3] . Modern high power fiber lasers are low maintenance, easy to integrate with production robots, and produce welds with deep penetration and low heat input at high throughput rates [4, 5] . High beam quality at high power levels and the decreasing price per kilowatt of laser power are enabling previous limitations to be overcome and opening up new possibilities, especially in keyhole welding. The main limiting factor hindering more extensive utilization of laser welding is its demand for high accuracy in joint fit-up tolerances. A common way to compensate gap fluctuations and ensure welds of acceptable quality is to add an arc process working in synergy with the laser. While such hybrid laser-arc welding allows control of weld bead formation through adjustment of the arc parameters and extends the gap bridging ability of the welding system, it increases process complexity and production costs.
One of the most important characteristics of a laser welding system is the beam quality that the lasers deliver. The beam quality affects the power density of the beam, which has a direct effect on the penetration depth and geometry of the weld [6, 7] . High power density of the beam means deeper penetration for the same level of power and welding speed. Single-sided welding of T-joints with fiber the penetration depth and geometry of the weld [6, 7] . High power density of the beam means deeper penetration for the same level of power and welding speed. Single-sided welding of T-joints with fiber lasers is not an entirely novel concept, and its applicability and key parameters have been studied, for example, for aluminum welding in the aircraft industry [4] . The high depth-to-width aspect ratio of typical fiber laser welds can be a drawback in medium and thick section welding of Tand fillet joints. Space and maneuverability restrictions on the welding head can cause the laser beam to cross the joint plane at a certain angle, and a narrow melt pool may easily partially miss the joint plane and produce incomplete fusion. In addition, T-joint welds can be several meters long and heatinduced distortions during welding can thus cause variations in joint fit-up regardless of the accuracy of the original setup.
Classification societies such as DNV (Det Norske Veritas) and IIW (International Institute of Welding) suggest avoiding fillet welds in parts of a construction that are subjected to fatigue, because partial penetration creates a possible crack initiation point at the root of the weld [8, 9] . Nevertheless, more than 80% of welded joints are fillet welds, because one of the plates serves as backing during the welding process and less post-welding correction is required. Figure 1 illustrates the principal differences in the geometry and location of the stress concentration of arc, laser and hybrid welded joints. The key problem with T-joints is ensuring fusion throughout the whole joint plane, preferably with single-sided welding. In autogenous laser welding, avoidance of the possible occurrence of underfill or undercut due to an absence of filler material is important, because throat thickness and shape of the weld toe influence the fatigue performance of the joint. In thin materials and flat assembly joints, this problem can be addressed by increasing weld width through wider distribution of the beam energy. Approaches used include but are not limited to: manipulation of the focal point position [10] , and usage of dual focal point setups [11] [12] [13] and beam oscillation techniques [14] [15] [16] [17] . Scanning is also beneficial for bringing more heat into the material, which decreases the cooling rate and keeps the hardness of the weld at acceptable levels. Unfortunately, this procedure is not applicable in thick section welding, where the typical weld length is several meters, because scanning mirrors are unable to handle the power levels needed [14, 18] . Large components such as scanning optics also limit the degree of freedom and flexibility of the welding process as regards positioning.
Determining the operational window for a good quality weld accounts for three main process parameters: laser power, welding speed and focal point position. These three easily adjustable parameters affect the power density at the top of workpiece, and therefore melt flow and distribution of the energy inside the keyhole, which have a major influence on the geometry of the weld. A certain The key problem with T-joints is ensuring fusion throughout the whole joint plane, preferably with single-sided welding. In autogenous laser welding, avoidance of the possible occurrence of underfill or undercut due to an absence of filler material is important, because throat thickness and shape of the weld toe influence the fatigue performance of the joint. In thin materials and flat assembly joints, this problem can be addressed by increasing weld width through wider distribution of the beam energy. Approaches used include but are not limited to: manipulation of the focal point position [10] , and usage of dual focal point setups [11] [12] [13] and beam oscillation techniques [14] [15] [16] [17] . Scanning is also beneficial for bringing more heat into the material, which decreases the cooling rate and keeps the hardness of the weld at acceptable levels. Unfortunately, this procedure is not applicable in thick section welding, where the typical weld length is several meters, because scanning mirrors are unable to handle the power levels needed [14, 18] . Large components such as scanning optics also limit the degree of freedom and flexibility of the welding process as regards positioning.
Determining the operational window for a good quality weld accounts for three main process parameters: laser power, welding speed and focal point position. These three easily adjustable parameters affect the power density at the top of workpiece, and therefore melt flow and distribution of the energy inside the keyhole, which have a major influence on the geometry of the weld. A certain threshold value of power density must be reached in order to be able to form the keyhole [19] . The threshold is typically defined as 10 6 W/cm 2 , or more commonly 10 3 W/mm 2 , with typical dimensions of laser beam focal point. The power density is calculated as follows:
where P is laser power and r radius of the beam on the surface of the workpiece. The above-mentioned power density threshold is valid for CO 2 laser welding, whereas when using solid state lasers with wavelengths around 1000 nm the threshold is lower [20, 21] . The lower threshold is a result of higher absorption of shorter wavelengths, and it gives extra flexibility to parameter selection and greater freedom to tailor parameters to specific applications, for example, with static or dynamic beam formation. Suder and Williams et al. [22] developed the concept of Specific Point Energy (E SP ). In addition to energy density (power density × interaction time), E SP includes also beam diameter on the surface:
where ρ P is average power density of the beam (mW/cm 2 ), T i is interaction time (s), A is area of the beam on the surface (mm 2 ), P L is laser power (W), d is beam diameter on the surface (mm), and v is welding speed (mm/s). Experiments performed with bead-on-plate joints have shown that power density and E SP control the depth of penetration and interaction time controls the bead width [22] [23] [24] . E SP has also been shown to be suitable for evaluating the efficiency of laser cutting [25, 26] . The relationship between spot size and welding performance in steel and aluminum welding has been addressed in several studies [27] [28] [29] [30] , and it has been found that small spot size produces deeper welds yet is accompanied by defects such as undercut and porosity. A study by Vänskä [14] showed that in some cases the keyhole welding mode changes between selected parameter values, resulting in different weld cross section shape in butt joint welding of stainless steel with a disk laser. Lap and butt joints produced with CO 2 and solid-state laser sources have been characterized and compared [20] ; for example, Kawahito et al. [28] addressed the effect of focal spot size on weld defects and showed that, of the four sizes studied, welds with highest quality were obtained using the two larger spot sizes.
The effect of focal point diameter on beam intensity on surface is much stronger than the effect via laser power. A simple way to manipulate the focal point diameter is to change the focal length of the focusing lens. A problem with this approach is that the focusing angle, i.e., the angle at which the beam enters the keyhole, changes as the focal length is changed, and the effect of focal point diameter is influenced by the effect of focusing angle and changes in the shielding gas arrangement. Change in the beam feeding fiber can only increase the diameter of the raw beam and the beam parameter product. This paper addresses the issue of weld quality of high power fiber laser welded T-joints of shipbuilding steel AH36 by comparing welds produced with three optical set-ups having beam transfer fibers of different diameters.
Materials and Methods
Shipbuilding steel AH36 is commonly used for shipbuilding and offshore structures. Hot rolled steel plates of AH36 have excellent weldability with a CEV (carbon equivalent value) of 0.248, calculated based on the chemical composition presented in Table 1 . The yield strength of AH36 is 355 MPa. Test specimens (100 mm × 350 mm × 8 mm) were cut with a CO 2 laser using oxygen-assisted cutting. The edges were grid blasted with aluminum oxide and cleaned with acetone to remove possible contaminants. The plates were tack welded from the root side from the ends and the middle using gas metal arc welding. The workpiece was fixed in the flat (1F) position using stiff fixtures to avoid heat-induced air gap fluctuations during the welding. Single-sided welds with a length of 165 mm were performed. The experimental setup is shown in Figure 2 .
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Results

Effect of Beam Inclination Angle α
To study the effect of beam inclination angle α on the morphology/geometry of the weld, all other process parameters were kept constant. The beam was positioned 0.5 mm above the joint plane on the flange and focused 2 mm below the surface of the material. Focal point diameters on the surface were 0.82 mm, 1.00 mm and 1.61 mm for the 200 µm, 300 µm and 600 µm process fibers, respectively. The cross sections of the welds are shown in Figure 3 .
It can be seen in Figure 3 that the penetration depth (measured from top of the weld) and the length of the joint fusion along the intersection decreased as the inclination angle increased. It can also be noticed that the penetration depth and area of the fusion zone correlate with the energy density of the beam. A full penetration weld was obtained only with the 200 µm process fiber and 6° inclination angle. All of the joints followed the axis of beam propagation. Averaged dimensions from three welds produced with each inclination angle are shown in Table 4 . The bead surface and root of each weld were visually evaluated based on standard EN ISO 13919-1, which classifies welds into three quality levels based on the type and severity of the imperfections that are present. The categories from best to worst are: B, stringent; C, intermediate; and D, moderate [31] . Metallographic preparation of the samples was carried out according to SFS-EN ISO 17639 [32] . The welds were transversely sectioned at the middle of the joint length, and polished and etched using a 2% Nital solution. Macrographs of the weld cross sections were taken for inspection of penetration, defects, and dimensions and shape of the fusion zone and HAZ (heat affected zone).
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It can be seen in Figure 3 that the penetration depth (measured from top of the weld) and the length of the joint fusion along the intersection decreased as the inclination angle increased. It can also be noticed that the penetration depth and area of the fusion zone correlate with the energy density of the beam. A full penetration weld was obtained only with the 200 µm process fiber and 6 • inclination angle. All of the joints followed the axis of beam propagation. Averaged dimensions from three welds produced with each inclination angle are shown in Table 4 . 
Effect of Beam Offset from the Flange
The effect of the beam offset from the flange was studied only with 300 µm and 600 µm process fibers. Based on the very narrow bead width produced earlier with the 200 µm process fiber and an assumption that the weld width largely determines the tolerance limits, the 200 µm process fiber was not included in the experiments. The laser power needed for full penetration was first calculated using the Power Factor Model developed by Suder et al. [23] and subsequently determined experimentally. The calculated values exceeded the real power requirement by at least 30% (less than 8 kW vs. 9.7 kW, FPP −2 mm, beam Ø on surface 1.0 mm; 10 kW vs. 13 kW, FPP −2 mm, beam Ø on surface 1.6 mm). Macrographs showing beam offsets from 0.5 mm to 2.0 mm are presented in Figure 4 . As shown in Figure 4 , despite similar width of weld bead, there was a significant difference in the geometry of the fusion area. Welds produced with the 300 µm process fiber had a deep and narrow profile with a slightly wider top typical of high power laser welds. The setup with the 600 
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The effect of the beam offset from the flange was studied only with 300 µm and 600 µm process fibers. Based on the very narrow bead width produced earlier with the 200 µm process fiber and an assumption that the weld width largely determines the tolerance limits, the 200 µm process fiber was not included in the experiments. The laser power needed for full penetration was first calculated using the Power Factor Model developed by Suder et al. [23] and subsequently determined experimentally. The calculated values exceeded the real power requirement by at least 30% (less than 8 kW vs. 9.7 kW, FPP −2 mm, beam Ø on surface 1.0 mm; 10 kW vs. 13 kW, FPP −2 mm, beam Ø on surface 1.6 mm). Macrographs showing beam offsets from 0.5 mm to 2.0 mm are presented in Figure 4 . As shown in Figure 4 , despite similar width of weld bead, there was a significant difference in the geometry of the fusion area. Welds produced with the 300 µm process fiber had a deep and narrow profile with a slightly wider top typical of high power laser welds. The setup with the 600 As shown in Figure 4 , despite similar width of weld bead, there was a significant difference in the geometry of the fusion area. Welds produced with the 300 µm process fiber had a deep and narrow profile with a slightly wider top typical of high power laser welds. The setup with the 600 µm process Appl. Sci. 2017, 7, 1276 7 of 12 fiber produced welds that were wide throughout the whole fusion area, resulting in a more acceptable weld profile for a T-joint.
Effect of Focal Point Position
Negative defocusing was used to study whether decrease in beam density at the workpiece surface has a favorable effect on the formation of the weld bead. The influence of focal point position on the weld profile was investigated by changing the defocusing distance in steps of 2 mm. Beam offset from the flange was selected as 1 mm and 1.5 mm (for the 300 µm and 600 µm setups, respectively) to increase the likelihood of full penetration. The focal point was moved along the beam propagation direction inside the material in 2 mm steps. Figure 5 shows cross-sectional macrographs of the welds produced.
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Negative defocusing was used to study whether decrease in beam density at the workpiece surface has a favorable effect on the formation of the weld bead. The influence of focal point position on the weld profile was investigated by changing the defocusing distance in steps of 2 mm. Beam offset from the flange was selected as 1 mm and 1.5 mm (for the 300 µm and 600 µm setups, respectively) to increase the likelihood of full penetration. The focal point was moved along the beam propagation direction inside the material in 2 mm steps. Figure 5 shows cross-sectional macrographs of the welds produced. It can be seen from the images presented in Figure 5 that decreasing the focal point position leads to a slight decrease in penetration. FPP −4 mm resulted in full penetration in the set-up with the 600 µm process fiber, while none of the welds produced with the 300 µm fiber had complete penetration at the weld root.
Discussion
Geometry of the Welds
The purpose of this study was to investigate geometrical differences in welds produced with three different beam delivery fibers and to determine the effect of process parameters on T-joint welds. Thirty welds were produced, evaluated, and their cross-sections analyzed. The acceptance criteria in visual inspection were smooth and plain face and root sides of the weld seam, lack of spatter, cracks or other defects listed in the Standard EN ISO 13919-1, and full visible penetration on the root side. Cracks or porosity were not present, qualifying the welds for class C of ISO 13919-1. Obvious undercut and lack of fusion produced by an inappropriately positioned beam or a lack of laser power were causes of rejection.
The width of the weld fusion zone determines the largest acceptable inclination angle for producing full penetration at a given web thickness. It can be seen in Figure 3 that compared to the other set-ups studied, the process fiber with a core diameter 600 µm was least sensitive to increase of α. However, at given thickness of 8 mm, α = 6° produced the largest weld throat in all set-ups, It can be seen from the images presented in Figure 5 that decreasing the focal point position leads to a slight decrease in penetration. F PP −4 mm resulted in full penetration in the set-up with the 600 µm process fiber, while none of the welds produced with the 300 µm fiber had complete penetration at the weld root.
Discussion
Geometry of the Welds
The width of the weld fusion zone determines the largest acceptable inclination angle for producing full penetration at a given web thickness. It can be seen in Figure 3 that compared to the other set-ups studied, the process fiber with a core diameter 600 µm was least sensitive to increase of α. However, at given thickness of 8 mm, α = 6 • produced the largest weld throat in all set-ups, regardless of the diameter of the beam, since the keyhole formed strictly along the axis of beam propagation. Figure 6 illustrates the effect of beam inclination angle on melt distribution relative to the middle axis of the joint.
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regardless of the diameter of the beam, since the keyhole formed strictly along the axis of beam propagation. Figure 6 illustrates the effect of beam inclination angle on melt distribution relative to the middle axis of the joint. Figure 6 . Proportions of the weld and melt area distribution differences at three inclination angles tested. AH36, t = 8 mm, PL = 6 kW, vw = 1.25 m/min, FPP = −2 mm. Figure 6 shows the size of the melt area above and below the middle axis of the joint of the welds presented earlier in Figure 3 . The bars illustrate the proportions of the melt area above (web) and below (flange) the joint plane, and the lines show the area of the melt. Process fibers with core diameters of 200 µm and 300 µm produced welds with similar properties: the melt area decreased with increase of inclination angle. The 600 µm diameter process fiber produced welds in which the melt area increased while simultaneously keeping the same proportions of the fusion zone above and below the joint axis. The fiber producing the largest focal point diameter was least sensitive to change of inclination angle.
From an engineering point of view, beam offset is an important parameter affecting the weld quality of fillet welds, where joint bridging ability and ensuring complete fusion are more important than the penetration depth itself. As can be observed in Figure 4 , tolerance to beam offset is also determined by the width of the weld. An inclination angle of 15° was chosen over two smaller angles tested based on the width of the weld bead and possible accessibility restrictions of the welding head. Optimal offsets for acceptable top bead and full fusion at the root are: 1.0 mm with the 300 µm transfer fiber, and, 1.0 mm and 1.5 mm with the 600 µm transfer fiber. The diameters of the beams on the surface were 1.0 mm and 1.6 mm, respectively.
When the 300 µm fiber was used, deviation to either side from the 1.0 mm offset produced either lack of fusion at the root or undercut and lack of penetration at the face of the weld. Due to the small width of the weld/fusion zone, higher offset resulted in formation of severe undercut on the top of the weld, while part of the melt was pushed through the weld root. The transfer fiber with 600 µm core diameter had a wider positioning tolerance window because the width of the weld throughout the fusion area is also wider. All of the welds produced with the 600 µm process fiber had a smooth bead and root sides, complete penetration, and class B quality according to EN-ISO 13919-1. It seems that a change in the keyhole process, noticed earlier by [14] , can be seen in the case of fillet welds in low alloyed steel. It is logical that power density has an effect on the process mechanism while still producing weld shape that is similar but wider than in the case of higher power density. Figure 6 shows the size of the melt area above and below the middle axis of the joint of the welds presented earlier in Figure 3 . The bars illustrate the proportions of the melt area above (web) and below (flange) the joint plane, and the lines show the area of the melt. Process fibers with core diameters of 200 µm and 300 µm produced welds with similar properties: the melt area decreased with increase of inclination angle. The 600 µm diameter process fiber produced welds in which the melt area increased while simultaneously keeping the same proportions of the fusion zone above and below the joint axis. The fiber producing the largest focal point diameter was least sensitive to change of inclination angle.
From an engineering point of view, beam offset is an important parameter affecting the weld quality of fillet welds, where joint bridging ability and ensuring complete fusion are more important than the penetration depth itself. As can be observed in Figure 4 , tolerance to beam offset is also determined by the width of the weld. An inclination angle of 15 • was chosen over two smaller angles tested based on the width of the weld bead and possible accessibility restrictions of the welding head. Optimal offsets for acceptable top bead and full fusion at the root are: 1.0 mm with the 300 µm transfer fiber, and, 1.0 mm and 1.5 mm with the 600 µm transfer fiber. The diameters of the beams on the surface were 1.0 mm and 1.6 mm, respectively.
When the 300 µm fiber was used, deviation to either side from the 1.0 mm offset produced either lack of fusion at the root or undercut and lack of penetration at the face of the weld. Due to the small width of the weld/fusion zone, higher offset resulted in formation of severe undercut on the top of the weld, while part of the melt was pushed through the weld root. The transfer fiber with 600 µm core diameter had a wider positioning tolerance window because the width of the weld throughout the fusion area is also wider. All of the welds produced with the 600 µm process fiber had a smooth bead and root sides, complete penetration, and class B quality according to EN-ISO 13919-1. It seems that a change in the keyhole process, noticed earlier by [14] , can be seen in the case of fillet welds in low alloyed steel. It is logical that power density has an effect on the process mechanism while still producing weld shape that is similar but wider than in the case of higher power density.
The focal point position has the same effect on T-joints as any other weld. Comparing the setups studied, an insignificant increase in bead width in correlation with an increase in beam dimension on the surface of material was noticed. F PP of −2 mm produced welds with a larger weld toe radius than F PP −6 mm. When F PP was positioned at −4 mm, that is, at half of the thickness of the web, the setup produced fully fused welds lacking porosity or other defects on both sides of the joint.
Application of Specific Point Energy to Welding of T-Joints
Traditionally, the depth of penetration has been characterized through the concept of heat input, also called line energy, which describes the energy available for producing the weld through the relationship of available laser power and welding speed. E SP also considers the diameter of the beam on the surface of the specimen and therefore provides higher accuracy in definition of the penetration depth and weld geometry [23] . Suder and Williams [22] have shown that, in the case of bead-on-plate welds, the penetration depth is defined by power density and specific point energy, and the width of the weld by interaction time, regardless of the optical setup used. T-joint fillet welds follow the same analytical model regarding the penetration depth as bead-on-plate welds; in this work, however, there was a deviation at larger beam diameters produced with the 600 µm process fiber. The relationship between E SP and penetration depth for all three setups is summarized in Figure 7 .
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The focal point position has the same effect on T-joints as any other weld. Comparing the setups studied, an insignificant increase in bead width in correlation with an increase in beam dimension on the surface of material was noticed. FPP of −2 mm produced welds with a larger weld toe radius than FPP −6 mm. When FPP was positioned at −4 mm, that is, at half of the thickness of the web, the setup produced fully fused welds lacking porosity or other defects on both sides of the joint.
Traditionally, the depth of penetration has been characterized through the concept of heat input, also called line energy, which describes the energy available for producing the weld through the relationship of available laser power and welding speed. ESP also considers the diameter of the beam on the surface of the specimen and therefore provides higher accuracy in definition of the penetration depth and weld geometry [23] . Suder and Williams [22] have shown that, in the case of bead-on-plate welds, the penetration depth is defined by power density and specific point energy, and the width of the weld by interaction time, regardless of the optical setup used. T-joint fillet welds follow the same analytical model regarding the penetration depth as bead-on-plate welds; in this work, however, there was a deviation at larger beam diameters produced with the 600 µm process fiber. The relationship between ESP and penetration depth for all three setups is summarized in Figure 7 . It is known that the diameter of the beam governs the dimensions of the keyhole, which in turn define the depth and width of the weld. As expected, beams with smaller diameters produced deeper penetrations at any given ESP. Within each setup, it can be seen that an increase in ESP also increases Figure 7 shows curves for penetration depth produced with each of the process fibers and macrographs of three welds obtained at similar E SP using different process fibers. Beam diameters on the surface of the welds shown in Figure 7 were 0.82 mm, 1.00 mm and 1.61 mm (F PP −2 mm). The following laser power and welding speed combinations were used: (a) P L = 6 kW, v w = 0.75 m/min; (b) P L = 8 kW, v w = 1.25 m/min; and (c) P L = 4 kW, v w = 1 m/min. Welds (a) and (b) both had penetration depths close to 10 mm, when measured from the top of the bead, thus exceeding the thickness of the material, while weld (c) had only partial penetration. At similar E SP , the 200 µm process fiber produced the weld with the deepest penetration and largest melt area (a). Full penetration was not obtained with the 300 µm process fiber despite sufficient penetration depth, and the weld produced with the 600 µm fiber was noticeably shallower.
It is known that the diameter of the beam governs the dimensions of the keyhole, which in turn define the depth and width of the weld. As expected, beams with smaller diameters produced deeper penetrations at any given E SP . Within each setup, it can be seen that an increase in E SP also increases the penetration depth, but comparison of all three setups shows that the power density of the beam has a more pronounced effect on the morphology of the weld than E SP . A possible explanation for this might be that the heat conduction in T-joints is different than in butt joints or bead on plate joints. Distribution of energy over a larger area leads to a slight decrease in molten area and reduced penetration depth. The power density of the beam determines the depth of the weld, while the width of the weld is determined by the diameter of the focused beam on the surface of the specimen.
Optimal Welding Conditions for T-Joint
The effects of beam inclination angle, beam offset from the flange and the focal point position relative to the surface of the material were studied to gain insight into the applicability of each setup under industrial conditions. Table 5 summarizes the findings. The optimal parameters for all set-ups were inclination angle 6 • , beam offset from the flange 1 mm, and focal point position −4 mm below the surface of the material. In all of the setups, the axis of the weld was aligned along the direction of the beam propagation. For this reason, when the beam was aimed past the root of the joint, the formed molten pool did not follow the joint plane, resulting in a lack of fusion at the back of the weld. However, the applicability of a beam inclination angle of 6 • in industrial applications may be limited because of a danger of collision of the laser welding head while maneuvering in restricted space, especially in situations where the incident beam side of the flange exceeds the focal length of the laser.
From the industrial point of view, the most versatile solution for T-joints of the three process fibers tested would be the fiber with a core diameter of 600 µm. This setup produced top beads superior in quality to the two other setups studied. The welds made with the 200 µm and 300 µm process fibers were deep yet extremely narrow at the deepest section of the weld and prone to undercut at the surface. A setup with a 600 µm fiber results in a more stable process that has a greater tolerance for beam displacement and smaller probability for seam imperfections.
Conclusions
The present work reported welding of single-sided T-joints of 8 mm thick AH36 shipbuilding steel with three optical setups using process fibers with core diameters of 200 µm, 300 µm and 600 µm. The current study found that:
(1) Full fusion in one welding pass was produced with all three process fibers studied. (2) Penetration depth and width of the weld both primarily depend on the beam diameter.
The parameter with the greatest influence on the depth of the weld is the power density of the beam, while the width of the weld is determined by the diameter of the focused beam. The width of the weld bead only has a minor correlation to the diameter of the beam on the surface.
(3) Smaller spot sizes provide an advantage in penetration depth at the same welding speed and power but are prone to producing undercuts. Due to the narrowness of the weld, the positioning of the beam has to be extremely accurate to avoid the weld missing the root of the joint. (4) Welds produced with 600 µm process fiber were less prone to undercut formation and had more favorable shape of the weld toe than welds produced with 200 µm and 300 µm process fibers. (5) Process fiber with core diameter 600 µm produced welds with the highest quality and was least sensitive to changes in beam positioning. (6) Using beam delivery fibers with larger core diameters has a favorable effect on achieving full fusion in T-joints. Reduced energy density on surface increases the width of the weld throughout the penetration and produces smoother junctions of weld bead and base material.
